A three-dimensional simulation was created to determine the seismic performance of coupled systems with a group of up to 100 pile-high-rise structures resting on soil layers using system modal, harmonic, and time domain analysis. The results demonstrated that the existence of a structural group mitigates the structural responses with respect to the single-structure-soil interaction (SSI) and results in significantly nonuniform ground seismic motions. Due to the influence of a structural group, adjacent structures can exhibit fully alternating mechanical behavior, and buildings in the urban fringe are subjected to stronger shaking than downtown buildings. The overall trend of the influence of structural groups is that ground motions are lessened inside an urban area, and ground motions at the locations between structures differ from those at the locations of the structures. Moreover, the effective distance of a structural group on ground motions is associated with the urban width. Less distance between structures enhances the interaction effect. In addition, the soil properties can greatly influence the system's seismic responses and can even completely change the effect trends. The results in our paper are consistent with the phenomena observed in the Mexico City earthquake and the 1976 earthquake in Friuli, Italy.
Introduction
Interest in seismic hazards and the performance of structures during earthquakes has steadily increased in recent years. The 1985 earthquake in Michoacán, Mexico, renewed our appreciation of earthquake engineering by demonstrating that urban areas can suffer from particularly long and strong ground motions. This earthquake exhibited specific characteristics that have been encountered at various other locations [1] [2] [3] . Another example is the devastating 2009 L' Aquila earthquake in central Italy. According to some researchers [4] [5] [6] , the large amplitudes of the signals and their particularly long durations may have been due to the interaction with the building environment itself. The increasing complexity of urban structures impels research on the structure-soil-structure interaction, which is substantial and leads to considerable conceptual changes, with particular relevance for microzoning studies, urban planning, and insurance policies.
The structure-soil-structure interaction (SSSI), also called site-city interaction (SCI), focuses on the seismic performance of an urban-like environment. In the soil-structure interaction (SSI), part of the vibrational energy of the flexibly mounted structure is dissipated by the radiation of stress waves in the supporting medium and by hysteretic action in the medium itself. The waves, which are composed of the relative motions of the inertial soil, can take energy away from the basement and act as dampers for the structure. The history of SSI, which has been well summarized by Kausel [7] and Ç elebi et al. [8] , is elided here. Many researchers have studied this subject [9] [10] [11] [12] [13] [14] [15] [16] . Bielak [17] has presented an approximate method of modal analysis of the earthquake response of linear building-foundation systems. The effect of hysteretic soil damping on the system response has been illustrated by several examples. Jarernprasert et al. [18] have analyzed the effects of SSI on the response of yielding singlestory structures embedded in an elastic half-space to a set of accelerograms. They found that, for nonlinear hysteretic structures, SSI may lead to larger ductility demands and larger total displacements than if the soil were rigid; the period elongation ratio controls the response of SSI systems with nonlinear structures; and SSI leads to a smaller reduction factor for the seismic coefficient due to nonlinear behavior. They have developed a procedure to estimate the SSI seismic coefficient to maintain target ductility and provided an approach that allows the importance of SSI drift or peak structural displacement to be assessed.
When accounting for SSSI, the SSI problem evolves into a cross-interaction problem among multiple structures. Whitman [19] first introduced the through-the-soil coupling of foundations in 1969, which was an important problem that required further study. Soon after, Luco and Contesse [20] , followed by Wong and Trifunac [21] , addressed the twodimensional antiplane problem of the interaction between infinite walls under incident SH waves, which used a solution for the interaction among semicircular, semi-infinite crosssectional foundations. Later, two different finite elementboundary element-coupling models were used by Wang and Schmid [22] and Lehmann and Antes [23] to investigate the dynamic interaction between the three-dimensional structures founded on square embedded foundations; several works have addressed this topic [24] [25] [26] [27] [28] [29] [30] [31] . Padrón et al. [32] numerically studied the dynamic through-soil interaction between nearby pile-supported structures in viscoelastic halfspace under incident S and Rayleigh waves. Naserkhaki et al. [33] examined both the interaction between adjacent buildings due to pounding and the interaction between buildings through the soil, as these factors affect the buildings' seismic responses. Aldaikh et al. [34] explored the adverse and beneficial effects of SSSI under seismic excitation on a group of three buildings. In addition, much experimental evidence has shown that vibrations transmitted from a building to the ground can propagate over large distances. The Nuclear Power Engineering Corporation (NUPEC) has been planning and implementing field and laboratory tests under the project "Model Test on Dynamic Cross Interaction Effect of Adjacent Structures." Detailed data are available in papers by Kitada [35] [36] [37] . Ha and Kim [38] performed a series of dynamic centrifuge tests with various soil conditions that ranged from loose sand to weathered rock (WR) with different seismic intensities of bedrock motion.
These previous works were mostly based on simple models with limited analytical methods and simulation tools, which were clearly inadequate for obtaining an acceptable solution to such problems. A clear understanding of the basic effects of SCI has yet to be obtained due to either the complexity of the site-city models (3D effects, irregular city) or the restrictive assumptions (homogenization of the site-city medium) [39] . As the heights of superstructures continue to increase, a study on the dynamic cross-interactions in an urban-like environment consisting of structural groups is necessary.
In this paper, full three-dimensional (3D) FEM models with pile-high-rise structures resting on soil layers (see Figure 1 ) under seismic wave excitation are studied. The goal is to understand how the presence of a structural group affects the structural seismic performance and how the presence of a structural group affects the seismic response of soil. Based on the characteristics of structures, the influence of SSSI is evaluated from the structural base horizontal acceleration amplitude and absorbed energy; based on the characteristics of ground motions, the SSSI influence is investigated from the instantaneous acceleration field, peak ground acceleration (PGA) distribution, ground energy density, and the effective distance of a structural group.
Problem Definition
The SSSI system under investigation is composed of one or more common pile-high-rise square frame structures founded on fixed-head pile groups embedded into horizontal soil layers. To concentrate on the regularities of the coupling system, all structures in the urban environment are copies of the same structure with equal spacing between all structures within the same problem. The finite element model is depicted in Figure 1 . The total height of the structure is 60 m; the width (square) of the structure is 24 m. The number of stories is 20, with a pile length of 24 m and a pile sectional diameter of 0.35 m. The dynamic behavior of several problems (whose different relative arrangements of structures are shown in Figure 2 , termed as URBANN M, where is the number of structures along the -axis and is the number of structures along the -axis) under vertically incident shaking (producing motion along theaxis, termed " " and along the -axis, termed " ") from a rigid bedrock surface (depth = 60 m) is analyzed. Note that, in all arrangements, the distance between adjacent structures is measured parallel to the -and -axes. The response of each structure in a structural group is compared with that of Shock and Vibration the single-structure-soil system (SSI) to determine whether SSSI effects among several structures are important.
The underlying soil consists of 10 layers (see Table 1 for the original soil profile properties). In the standard case, the equivalent shear wave velocity of soil is 361 m/s, where the shear wave velocity terms are in vector V . The nonlinear phase of the soil in a strong shock is considered using the equivalent linearization method.
It should be noted that all the model analyses (only except the modal analysis of the structure with a fixed base, which is conducted for a single structure), harmonic analyses, and time domain analyses in this paper are for the whole SSSI or SSI system, not for a single structure.
Finite Element Model
The commercial finite element software ANSYS was used for the system modal analysis and system harmonic analysis; the commercial finite element software LS-DYNA was used for the system time domain analysis. The length of the soil element is limited to less than one-fifth of the wavelength :
where is the cutoff frequency (cutoff frequency is 25 Hz herein) and V is the wave velocity. In the horizontal direction, the wave velocity is controlled by the traveling wave; in the depth dimension, the wave velocity is controlled by the soil shear wave velocity.
The artificial boundary is six times that of the soil depth away from the edge of the urban area. This distance is considered adequate to prevent wave reflections generated at the model boundaries from reentering the model and contaminating the results. The total number of elements in the model URBAN1-1 (SSI) system is 1,271,193. The total number of elements in the model URBAN2-2 system (in which the spacing between two adjacent structures is 12 m) is 1,366,598. The total number of elements in the model URBAN4-4 system (in which the spacing between two adjacent structures is 12 m) is 1,744,857. The total number of elements in the model URBAN6-6 system (in which the spacing between two adjacent structures is 12 m) is 2,199,417. The total number of elements in the model URBAN10-10 system (in which the spacing between two adjacent structures is 12 m) is 3,307,202.
To confirm the reliability of the ANSYS/LS-DYNA FE model, the time-history responses of structure in the URBAN1-1 (SSI) system computed by LS-DYNA are compared with the responses computed by the computer code SASSI [40] , which is specialized for SSI analysis and depends on the substructuring subtraction method. The FE model of the structure in SASSI is shown in Figure 3 (in SASSI, the site is assumed to consist of horizontal soil layers overlying a uniform half-space; the soil finite elements need not be constructed). The structural roof acceleration responses calculated by LS-DYNA and SASSI are plotted in Figure 4 . Note that, in SASSI, all assumptions about the damping coefficient, element size, artificial boundary, and other factors can be avoided; the coincidence of the LS-DYNA results with the SASSI results demonstrates that the parameter values are reasonable. surface is Γ (Γ = Ω =0 ). We denote the ground surface inside the urban area by
and the ground surface outside the urban area by Γ
is the location of structure . For convenience below, the structures in the first quadrant are numbered (see Figure 2 ). To provide a nondimensional formulation of the effective distance of the structural group on ground motions in a later section, we introduce the nondimensional spatial coordinates , , which are defined as = /( + ), = /( + ). The dimensionless distance is / .
From the system harmonic analysis, we can obtain the steady-state response of SSSI systems in the frequency domain. The amplitude of the structural base horizontal displacements is denoted by ; the shaking amplitude on the surface of bedrock is denoted by 0 . Then, the transfer function is defined as = abs{ / 0 }. In this paper, the influence of SSSI on the horizontal seismic behavior of a structure compared with the SSI case is analyzed in terms of the influence coefficient or ℎ , which is defined as = (( SSSI − SSI )/ SSI ) × 100% and ℎ = (( SSSI − SSI )/ SSI ) × 100%, where SSSI and SSI are the horizontal acceleration amplitude at the base of structures in SSSI system and SSI system, respectively, calculated by time domain analyses of the whole building-soil system. SSSI and SSI are the transfer function value at the base of structures in the SSSI system and SSI system, respectively, calculated by the harmonic analysis of the whole buildingsoil system. Thus, or ℎ reflects the influence of SSSI on structures compared with SSI. > 0 or ℎ > 0 indicates that the influence of SSSI makes the structures "dangerous," and < 0 or ℎ < 0 indicates that the influence of SSSI makes e h of structure 1 in URBAN6-6 e h of structure 9 in URBAN6-6 e h of structure 8 in URBAN6-6 e h of structure 7 in URBAN6-6 e h of structure 6 in URBAN6-6 e h of structure 5 in URBAN6-6 e h of structure 4 in URBAN6-6 e h of structure 3 in URBAN6-6 e h of structure 2 in URBAN6-6 The seismic damage of the structure is analyzed in terms of the energy magnification factor , which is defined as = (( − * )/ * ) × 100%, where and * are the structural absorbed energy in the SSSI cases and URBAN1-1 (SSI) case, respectively, which are calculated by system time domain analysis.
The energy density of a site is a parameter that reflects the global response of the site and the entire effect of the SSSI. We introduce parameter to indicate the average ground surface energy density, which is defined as = Ψ/ , where Ψ is the total ground surface energy (being calculated by system time domain analysis) in the calculated area Γ and is the area of Γ . When Γ = Γ inside , we define as inside city , which represents the average ground energy density inside an urban area. In the free field case, we define as free , which represents the free field average ground energy density. The percent ratio of ( inside city − free ) to free is defined as
, which reflects the SSSI influence on the site seismic response.
Modal Response Results
The fundamental period is an important dynamic property of structures or systems that can help predict the seismic behavior of a structure or systems during an earthquake. Modal analysis, which provides the fundamental frequencies of the SSSI system, also emphasizes the collective behavior of the structures through the modal shape. The fundamental frequencies of a structure with a fixed base, free field system, URBAN1-1 (SSI) system ( = 0.5), URBAN2-2 system ( = 0.5), URBAN4-4 system ( = 0.5), and URBAN6-6 system ( = 0.5) are 0.63 Hz, 1.377 Hz, 1.374 Hz, 1.376 Hz, 1.375 Hz, and 1.372 Hz, respectively. As expected, the change in the number of structures modifies the fundamental frequency of the entire system slightly. Figure 5 shows the first mode shape of the free field system, URBAN2-2 system, URBAN4-4 system, and URBAN6-6 system. Both the deformations of the ground and the deformations of the independent structures are modified due to the existence of structural groups. The first model responses of downtown buildings are larger than those of buildings in periurban areas.
Earthquake Response Results

Influence of Seismic Records.
Before studying the influence of seismic records, we conducted system harmonic analysis of the URBAN1-1 (SSI) system and URBAN6-6 ( = 0.5) system, Figure 6 shows the transfer function of the URBAN1-1 (SSI) system together with the influence coefficients ℎ of the URBAN6-6 ( = 0.5) system. SSSI alters the transfer functions of an SSSI system compared to the SSI system and makes the transfer functions for individual structures inside the same urban area different. higher frequencies, the transfer function of URBAN6-6 for individual structures is similar.
Compared with the URBAN1-1 (SSI) system, the transfer function value of the URBAN6-6 ( = 0.5) system is slightly shifted at the fundamental frequency point of the URBAN1-1 (SSI) system ( = 1.37 Hz; the corresponding ℎ of the URBAN6-6 system at = 1.37 Hz is no greater than 3%). However, for the other frequencies, ℎ of URBAN6-6 system can vary 25% from nearly −20% to 5%. More specifically, the SSSI slightly aggravates the transfer function at low frequencies ( ≤ 1.75 Hz) and significantly mitigates the transfer function at high frequencies ( > 1.75 Hz). Thus, we deduce that normal seismic waves may mitigate the structural seismic response when accounting for the SSSI, and seismic waves with long periods are unlikely to mitigate the structural seismic response significantly (they may even lead to stronger shaking on structures). In the system time domain analyses, four measured records of bedrock ground motion (MCH-000, CHY086, PO214, and TTN024), one artificial seismic wave (SHWN1), and one frequently used wave (El Centro) were selected. The waves, whose amplitudes were adjusted to 0.30 g, were all vertically incident S waves. The corresponding acceleration time histories, Fourier spectra, and record data are shown in Figure 7 .
The -component acceleration fields in the first quadrant of the free field system and URBAN10-10 ( = 0.5) system under motion produced by MCH000 ( ) are shown in Figures 8 and 9 (1/4 FE model), respectively. The acceleration instantaneous snapshots indicate that the disturbance of the waves radiated from the structures, and the modification to the ground motions due to SSSI can be clearly identified. The transmission of waves, which were generated from the lateral boundary, is limited and has no influence on the anticipated "urban area." In the free field, as expected, the soil acceleration is horizontally layered, whereas, in URBAN10-10, a surface-wave train is emitted from the urban area and propagates outward. In URBAN10-10, at the beginning of the earthquake, the nonuniform ground motion distribution occurs in a limited area inside and around the urban area. Over time, the SSSI influence area expands and the nonuniform degree increases. The modifications induced by the SSSI inside an urban area also contaminate the ground motion outside the urban area. Finally, the ground acceleration is apparently nonuniform, particularly inside the urban area. Because the SSSI is more noticeable in the later part of earthquakes, we conjecture that long-duration seismic waves will make the SSSI influence more noticeable. Figure 10 shows the influence of SSSI in terms of the influence coefficients of the URBAN10-10 ( = 0.5) system under six S waves that produce motion along the -axis. Clearly, the value of is negative, and the absolute value is within approximately 35% for the 6 seismic waves. For each wave, periodically changes with respect to the structure number. This feature coincides with the phenomena observed in 1976 for the earthquake in Friuli, Italy, which will be further discussed in Section 6.2.
Influence of the Size of the Structural
Group. This section discusses the influence of the number of structures inside an urban area on the SSSI. Figure 11 shows the max and min of square arrangement urban areas, with the number of structures ranging from 1 to 100 ( = 0.5). For a number of structures between 1 and 36, both max and min fluctuate for individual excited waves. From 36 onward, max and min remain stable.
The influence coefficients , which reflect the SSSI influence on the site seismic response, are plotted in Figure 12 . In the problem defined, the SSSI increases the average ground energy density inside an urban area with respect to that in a free field. At the beginning, is up to nearly 100% in the most distinct case (SHWN1). As the size of the structural group increases, decreases for all excited waves. When the number of structures is greater than 36, the decreasing rate becomes negligible. For seismic waves MCH000 and CHY086, tends to be zero. Because structures inside an urban area will definitely consume energy during an earthquake, the balance of the total absorbed energy inside an urban area reflects the reduction of ground seismic responses at locations between structures, which can be more clearly seen in Figures 15-18 . Figure 13 displays the total absorbed energy of individual structures in URBAN2-2, URBAN4-4, URBAN6-6, and URBAN10-10 under wave MCH000, which produces motion along the -axis. Compared with URBAN1-1 (SSI), SSSI decreases the structural total absorbed energy. This decrease in energy is consistent with several previous numerical studies [25, 30] and instrumental results [29] . Moreover, the total absorbed energy of individual structures in the same urban area varies: buildings located in the urban fringe are subjected to slightly heavier shaking than downtown buildings (i.e., the influence of the structure-soil-structure interaction is more significant in the urban center). The plot of factor of individual structures in URBAN6-6 supports this relationship more clearly, as shown in Figure 14 .
The presence of structural groups also modifies the intensity of ground motions. The effect of a structure on neighboring soil has two components: the kinematic effect (associated with wave diffraction on the foundation) and the inertial effect (associated with wave emission following structure vibrations). The numerical results show that when many structures are involved, the individual waves radiated by each structure will interfere (multiple interactions) and significantly modify the ground motion pattern. The distribution diagrams of the PGA in the first quadrant of arrangements URBAN1-1 ( = 1.25), URBAN2-2 ( = 1.25), URBAN4-4 ( = 1.25), and URBAN6-6 ( = 1.25) under seismic wave El Centro ( ), are shown in Figures 15-18 . In the right boundary of every case, the influence of reflection waves caused by the artificial boundary is clear. The reflected waves, as expected, dissipate rapidly along their propagation and have no effect on the seismic response in the urban area. In Figures 15-18 , four features can be observed. (i) The entire effect of the SSSI decreases the PGA, as concluded by many other studies. (ii) The existence of structural groups decreases the PGA at structure locations, and the ground motions at building locations change with alternating peaks. (iii) The PGA is relatively higher at locations between structures and even higher than the PGA of the free field at certain locations. This increase can be ascribed to the radiation and intervention of waves: waves that reflect from structures take energy away and dissipate them at locations between structures. (iv) Outside of the urban area, there is a special area where the ground motions are larger than those at other suburban areas. These nonuniform distribution features of the ground motion are evocative of the phenomena observed during earthquakes in certain districts in Mexico City.
The feature of alternating peaks at building locations is consistent with the phenomenon observed in one of the largest earthquakes in Italy, that is, the 1976 earthquake in the Friuli region. A photograph taken in the epicentral region in 1976 ( Figure 19 ) shows a surprisingly "regular" (periodic) damage distribution [41] : the adjacent structures exhibit fully alternating mechanical behavior, that is, completely collapsed, almost undamaged, completely collapsed, almost undamaged, and so forth. This alternating "collapsed-undamaged" pattern is repeated further. Researchers explained this phenomenon by hypothesizing that part of the seismic energy that was transmitted to the structures was retransferred back into the neighborhoods through multiple interactions.
To understand the effective distance of SSSI, the PGA distribution in the first quadrant of cases URBAN2-2, URBAN4-4, and URBAN6-6 with respect to the nondimensional spatial coordinates and is shown in Figures 20-22 . In every figure, the PGA values along the model sections that are parallel to the -axis are drawn on top of the figure; the PGA values along the model sections parallel to the -axis are drawn on the right of the figure. The nondimensional urban widths of URBAN2-2, URBAN4-4, and URBAN6-6 are 2.0, 4.0, and 6.0, respectively. The nondimensional effective widths (the overall effective width, including the urban width and the bilateral effective length outside the urban area; the definition of the nondimensional effective widths in the rest of this paper is as same as here) of the structural group parallel to the excitation of URBAN2-2, URBAN4-4, and URBAN6-6 are 5.0, 7.0, and 11.0, respectively. The nondimensional effective widths of the structural group perpendicular to the excitation of URBAN2-2, URBAN4-4, and URBAN6-6 are 3.0, 5.0, and 9.0, respectively. We can then observe the following.
(1) The distance of the urban effect in the direction parallel to the excitation (the -direction) is larger than that in the direction perpendicular to the excitation (thedirection). Of course, the interference between the soil and structures, which caused the SSSI effect, is greater in the direction parallel to the excitation. (2) The effective width of the structural group is associated with the urban width. For the problem examined in this paper, in the direction parallel to the shaking, the effective width of the structural group is approximately 2.0 times that of the urban width; in the direction perpendicular to the shaking, the effective width of the structural group is approximately 1.5 times that of the urban width.
Influence of the Structural Group Arrangement.
For structural groups with different arrangements, the influence of SSSI on structures in terms of influence coefficients Figure 23 . max and min of individual arrangement are plotted in Figure 24 . In those cases, seismic waves are vertically incident on the surface of bedrock (depth = 60 m), either parallel to the -axis oraxis.
The influence coefficients of URBAN6-6 and UR-BAN10-10 with square arrangements under shaking or are shown in Figures 23(a) and 23(b) , respectively. These figures show that along the shaking direction, the influence of the SSSI on individual structures is alternating; the "regular" (periodic) damage pattern in Figure 19 appears again. Along the direction perpendicular to the shaking, the alternating phenomenon is not as noticeable.
The influence coefficients ℎ of the URBAN6-10 system under incident shaking ( or ) are shown in Figure 25 . Compared with the influence coefficients ℎ of the URBAN6-6 system in Figure 6 , it can be seen that the influence of SSSI varies from one arrangement to another and for different shaking directions, particularly when the excitation frequency is high.
Influence of the Distance between Structures.
The influence of the distance between structures on the interaction is investigated in Figure 26 for URBAN6-6 under S waves MCH000 and SHWN1, which produce motion along theaxis. For all structures investigated, the SSSI effect generally decreased as the distance between structures increased, with fluctuations, and not monotonously. Clearly, with the increase in distance, the energy of a scattered wave from a structure decreases, and the interaction between structures disappears gradually. When is less than 0.25, which is equivalent to a distance of 6 m, the influence coefficient increases to approximately 60%. In addition, as the distance decreases, the range of inside the same urban is reduced. (2, 2) . The urban nondimensional width is 6.0; the nondimensional effective width of the structural group parallel to the excitation is 11.0; the nondimensional effective width of the structural group perpendicular to the excitation is 9.0).
To determine the effect of the distance between structures on ground motions, the PGA distribution in the first quadrant of URBAN6-6 ( = 0.5) was plotted (see Figure 27 , 1/4 FE model, El Centro, ). The graph indicates that decreasing the distance between structures reduces the ground motions inside an urban area, both at building locations and at the locations between structures. In contrast to URBAN6-6 ( = 1.25, see Figure 18 ), URBAN6-6 ( = 0.5) reacted more like an entire entity: the nonuniformity of ground motions decreases but does not disappear. Furthermore, decreasing the distance between structures does not change the influence distance of an urban area (see Figure 28) , which means that the effective width of a structural group is still approximately 2.0 times that of the urban width in the direction parallel to the shaking and is still approximately 1.5 times that of the urban width in the direction perpendicular to shaking, which is similar to that when = 1.25. For URBAN6-6 ( = 0.5), the urban nondimensional width is 6.0, the nondimensional effective width of a structural group parallel to the excitation is 12.0, and the nondimensional effective width of a structural group perpendicular to the excitation is 9.0.
Influence of the Subsoil Shear Wave
Velocity. An important attribute of the subsoil is the shear wave velocity. The influence coefficient of the URBAN6-6 system under vertically incident S waves that produce motion along the -axis, now for different shear wave velocities in every soil layer (V = V , = 0.25, 0.5, 2), is presented in Figure 29 . For structures built on a hard site (equivalent shear wave velocity is greater than 722 m/s), the influence of SSSI on the amplitude of the structural base horizontal acceleration is negligible. As the shear wave velocity decreases, not only does the SSSI influence on structural base horizontal acceleration amplitude increase, but the range of structural base horizontal acceleration amplitude inside the same urban area increases. For different site types, the SSSI effect can increase or decrease the structural base horizontal acceleration amplitude. For structures built on an extremely soft site (equivalent shear wave velocity is approximately 180 m/s herein), the "beneficial" effect of the SSSI can be enormous at the same locations, whereas, at other locations, the SSSI influence is minimal. In other words, the "regular" (periodic) damage distribution is noticeable at a soft site.
The "beneficial" effect of a soft site is consistent with previous URBAN1-1 (SSI) investigations [42] in which the vibration filtering and isolating effect of soft soil on structures were improved. The total absorbed energy of individual structures of URBAN6-6 system under the vertically incident S waves that produce motion along the -axis, now for different shear wave velocities in every soil layer (V = V , = 0.25, 0.5, 2), is presented in Figure 30 . The total absorbed energy of individual structures when V = V = 361 m/s is plotted in Figure 13 . The total absorbed energies of every individual structure on a hard or soft site are all less than the response of the corresponding SSI situation, whereas the energy dissipation of structures on a soft site is less than that of structures on a hard site.
The influence coefficient of individual structures of the URBAN6-6 ( = 0.5) system under vertically incident S waves MCH000 that produce motion along the -axis for V = 0.5V is plotted in Figure 31 . For an urban area built on a very soft site, the buildings located in the urban fringe still absorb less earthquake energy than the downtown buildings. For individual structures, even the amplitude of is unequal, and the general trend is similar.
The change in the subsoil shear wave velocity also alters the modified trend of the SSSI effect on the ground seismic motions. The PGA distribution in the first quadrant of URBAN6-6 (V = 2V ) is plotted in Figure 32 . Rather than the phenomena gain observed previously, for an urban area built on a hard site, the PGAs at the building locations are larger than the PGAs at locations between the structures. Nonetheless, the PGAs at the building locations are still slightly less than the PGAs in the free field. Hence, we deduce that the subsoil shear wave velocity can greatly influence the seismic response of an SSSI system, which not only affects the SSSI effect intensities and the effective distance of a structural group but also completely changes the SSSI effect trend.
The soil shear wave velocity also influences the effective distance of a structural group. On a soft site, the effective distance of a structural group is large. As the subsoil becomes harder, the effective distance of a structural group decreases. Figure 33 shows the PGA contour of URBAN6-6 (V = 2V ), of which the urban nondimensional width is 6.0, the nondimensional effective width of structural group parallel to the excitation is 8.0, and the nondimensional effective width of the structural group perpendicular to the excitation is 7.0. Compared with the urban influence distance gain from Figure 22 (URBAN6-6, V = V ), the increased subsoil shear wave velocity confines the effective distance of a structural group to a relatively limited area.
Conclusion
A three-dimensional numerical procedure for the dynamic analysis of a group of pile-high-rise frame structures resting on soil layers was used in this work to address the problem of structure-soil-structure interaction (SSSI). The equivalent linearization method was used to consider the nonlinear phase of subsoil. The results in our paper match the responses observed in the Mexico City earthquake and the 1976 earthquake in Friuli, Italy. The following conclusions can be made with respect to the SSSI effect.
(i) The structure-soil-structure interaction slightly reduces the fundamental frequency of the SSSI system.
(ii) The structure-soil-structure interaction mitigates the structural seismic response, and the absolute value of the influence coefficient can reach 35% in the most distinct case. Qualitatively, buildings in the urban 20 Shock and Vibration fringe are subjected to stronger shaking than downtown buildings.
(iii) The seismic response on the ground is variable due to the SSSI, and the overall trend of the SSSI effect reduces the ground motions inside an urban area. For an urban area built on a soft site, the PGA at the building locations decreases; at the locations between the structures, the PGA is relatively higher, even higher than the PGA in a free field in certain locations. Furthermore, the ground motions at building locations change with alternating peaks.
(iv) The effective width of the structural group on ground motions is associated with the urban width. The effective width of a structural group in the direction parallel to the input excitation is larger than that in the direction perpendicular to the input excitation.
For the standard site case in this paper, the effective width of a structural group along the shaking is approximately 2.0 times the urban width, and the effective width of a structural group in the direction perpendicular to the shaking is approximately 1.5 times the urban width.
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Shock and Vibration (v) Less distance between structures reduces ground motions inside an urban area, both at the building locations and at the locations between structures. That is, the "beneficial" effect of the SSSI is enhanced.
As the distance between structures decreases, the nonuniformity of ground motions decreases. However, the effective widths of a structural group that is parallel and perpendicular to the shaking are still 2.0 times and 1.5 times the urban width, respectively.
(vi) Soil properties greatly influence the system seismic responses; they not only affect the SSSI effect intensities and effective distances but also completely alter the effect trends. For an urban area built on a hard site, the PGAs at the building locations are larger than the PGAs at locations between buildings. As the shear wave velocity decreases, both the decrease in the degree of PGA and the range of structural responses within the same urban area are enhanced. Additionally, the effective distance of a structural group increases. Furthermore, the "regular" (periodic) damage distribution is noticeable on a soft site.
These results indicate that the soil properties and the distance between structures have a great influence on the seismic performance of an SSSI system. However, the conclusions got 2) ). The urban nondimensional width is 6.0, the nondimensional effective width of a structural group parallel to the excitation is 8.0, and the nondimensional effective width of a structural group perpendicular to the excitation is 7.0.
in this paper are limited by the assumed problem. Noting the uniformity of the structural groups herein, the SSSI effect on a realistic city may be more complex. In the future, it will be necessary to (i) focus more attention on the seismic source;
(ii) discuss modifications of the shaking duration, structure damage, ground motion characteristics, and related factors; (iii) include material losses of the structures and underlying soil; (iv) investigate more complex urban arrangements,
